The induction of heat shock proteins (Hsps) serves not only as a marker for cellular stress but also as a promoter of cell survival, which is especially important in the nervous system. We examined the regulation of the constitutive and stress-induced 70-kD Hsps (Hsc70 and Hsp70, respectively) after sciatic nerve (SN) axotomy in the neonatal mouse. Additionally, the prevention of axotomy-induced SN cell death by administration of several preparations of exogenous Hsc70 and Hsp70 was tested. Immunohistochemistry and Western blot analyses showed that endogenous levels of Hsc70 and Hsp70 did not increase significantly in lumbar motor neurons or dorsal root ganglion sensory neurons up to 24 hours after axotomy. When a variety of Hsc70 and Hsp70 preparations at doses ranging from 5 to 75 g were applied to the SN stump after axotomy, the survival of both motor and sensory neurons was significantly improved. Thus, it appears that motor and sensory neurons in the neonatal mouse do not initiate a typical Hsp70 response after traumatic injury and that administration of exogenous Hsc/Hsp70 can remedy that deficit and reduce the subsequent loss of neurons by apoptosis.
INTRODUCTION
It is well established that expression of heat shock proteins (Hsps) is increased after cell stress. This stress protein response, which is a facet of the cellular reaction to damage, can be used as a marker for cells and tissues affected by insults including trauma, ischemia, diabetes, cancer, heart disease, viral infection, aging, and neurodegenerative disorders (Edgington 1995; Kiang and Tsokos 1998; Mattson 2000; Tytell and Hooper 2001) . In the nervous system, as in other tissues, the induction of Hsps not only serves as a marker for stress but has a protective effect as well (Ohtsuka and Suzuki 2000; Rajdev and Sharp 2000; Sheller et al 1998; Yenari et al 1999) . These proteins are known to stabilize other protein structures that are sensitive to denaturation and to help them to retain or to restore their native, functional conformations (Hartl 1996; Lindquist and Craig 1988; Morimoto et al 1997; Welch and Suhan 1986) . Preventing protein aggregation and stabilizing protein structures are the founda-tions for overcoming the consequences of metabolic stresses in neurons as well as in other cell types.
The Hsp70 family contains a number of related protein isoforms ranging in molecular weight from 66 to 78 kD. Included in this family are the constitutive Hsp73, commonly referred to as Hsc70, and the inducible Hsp72, referred to as Hsp70. Most neurons contain high levels of the constitutive form and low levels of the inducible form (Brown 1991; Brown 1994) . High levels of the constitutive Hsc70 in neurons may reflect their metabolic activity, which is one of the highest of all cells in the body. High levels of Hsc70 may also enable these postmitotic cells to counteract or buffer the initial effects of stress without resorting to the inducible Hsp70.
Several studies in adult and some neonatal animals have analyzed the role of Hsps, particularly Hsc/Hsp70, in the survival of neurons after injuries that affect peripheral nerves and their cell bodies. Previous work examining the upregulation of Hsp70 family members indicated that injury to peripheral nerves causes a peak in Hsp70 messenger ribonucleic acid levels between 1 and 2 hours, whereas protein levels peak at 12 hours and can remain elevated for days (Moreno-Flores et al 1997; New et al 1989) . Hsp70 has been shown to increase in facial motor neurons (MNs) in the adult hamster after axotomy of the facial nerve, but it was found to decrease in the neonate (Newfry and Jones 1998) .
The endogenous expression of Hsc/Hsp70 before and after sciatic nerve (SN) injury has been examined primarily in adult animals, and the expression patterns of Hsc/Hsp70 in adult may be different from those in neonatal mice. Mature lumbar MNs do not undergo cell death after axotomy, whereas many MNs are still dependent on trophic support in the neonate, resulting in apoptosis and the loss of approximately 50% of the MNs after axotomy of the SN (Li et al 1994; Li et al 1998) . Similarly, there is a loss of 30-35% of sensory neurons in the lumbar dorsal root ganglia (DRG) after sciatic axotomy in the neonate (Houenou et al 1996; Snider et al 1992) .
Although it is generally assumed that a cell must produce its own Hsps to be protected by them, there is also evidence that Hsps can pass from cell to cell. It was discovered in the late 1970s in the squid giant axon that many proteins made in glial cells are transferred into the axon by a mechanism that remains unknown (Lasek et al 1977) . This observation led to the glia-neuron protein transfer hypothesis (Lasek et al 1977) . Using the same system, Tytell and coworkers observed that Hsp70 produced in glia was included in the group of proteins transferred to the axoplasm (Tytell et al 1986) . This was confirmed by 2 other reports on other invertebrate axons (Greenberg and Lasek 1985; Sheller et al 1998) . Furthermore, locally synthesized proteins such as actin and Hsp70, presumably from glia or other nonneuronal cells, were found to be taken up and transported retrograde to the cell body in a study using in vitro regenerating adult frog sciatic sensory axons (Edbladh et al 1994) . Finally, localized heating of the rat SN results in the production of Hsp70 in surrounding nucleated cells such as Schwann and endothelial cells but not in the axon (Hoogeveen et al 1993) . Most recently, Bechtold and Brown observed indirect evidence for the transfer of Hsp27 and 32, 2 other Hsps, from presynaptic glia to postsynaptic neural processes in the rat brain after whole-body hyperthermic stress (Bechtold and Brown 2000) .
It is generally assumed that the protective effects of Hsps are limited to the cell that produces them. However, in addition to the glia-axon transfer referred to above, an unconventional release of Hsp70 from cultured rat embryo cells was documented some time ago by Hightower and Guidon (1989) . The first observation of the stress tolerance-enhancing activity of exogenous Hsc/Hsp70 was reported by Johnson and coworkers (Johnson et al 1990; Johnson et al 1995) , who showed that Hsc/Hsp70 added to the culture medium can bind to cultured arterial smooth muscle cells and improve their resistance to nutrient deprivation stress. In cultured monocytes, chemically induced apoptosis was inhibited by the addition of Hsc/Hsp70 to the medium (Guzhova et al 1998) . Furthermore, exogenous Hsp70 added to cultured lymphocytes was shown to be imported readily into both cytoplasmic and nuclear compartments (Fujihara and Nadler 1999) . In neural tissues, there are 4 reports substantiating the protective activity of exogenous Hsc/Hsp70. Work from this laboratory showed that an Hsc/Hsp70 mixture administered to the cut end of the SN or injected intravitreally into the rat eye prevented apoptotic cell death of sensory neurons or protected light-damaged photoreceptors from degeneration, respectively (Houenou et al 1996; Yu et al 2001) . Guzhova et al (2001) documented that cultured glioma cells released Hsp70 and that a mixture of Hsc70 and Hsp70 was taken up by cultured neuroblastoma cells, rendering them resistant to apoptosis. Lastly, Kelty et al (2002) showed in a rat brain slice preparation that addition of Hsp70 to the medium was as effective as hyperthermic induction of Hsp70 synthesis in preserving normal synaptic transmission. Thus, there is a growing body of evidence that Hsps made by 1 cell may be passed to its neighbors and that Hsps in the extracellular fluid can interact with cells to promote stress tolerance.
The following experiments aimed to extend our earlier observations on the neuroprotective effects of Hsc/Hsp70 (Houenou et al 1996) and to relate them to the endogenous Hsc70 and Hsp70 responses of sensory neurons and MNs after axotomy. We show that different preparations of the Hsc70 and Hsp70, or mixtures of the two, similarly confer protection from axotomy-induced apoptosis and propose that the administration of the proteins may remedy deficits in the stress response observed in the neonatal sensory neurons and MNs.
Neuroanatomical abbreviations and terms used in this article: MN-motor neuron cell body, located in the ventral spinal cord, whose axons form part of the SN; DRGdorsal root ganglion, a collection of sensory neurons cell located on either side of the vertebral column that have processes within the SN; axotomy-complete transaction of the axons of the SN.
MATERIALS AND METHODS

Axotomy
Sciatic nerves were severed in postnatal day 5 (P5) BalB/ cByJ mice as described previously (Houenou et al 1996) . Mice were anesthetized by hypothermia induced by contact with an ice-cold surface for approximately 2 minutes. Using a dissecting microscope and microsurgical tools, the SN was located and transected at the midthigh level. The wound was sutured closed with a P3 5-0 silk black braided suture (Ethicon). When this surgery was performed to assess neuronal survival, a 2-mm section of the nerve was removed to prevent regeneration and promote the maximal cell death response. Immediately after axotomy a dissolvable sterile Gel Foam pad containing 5 L of either saline only or saline containing one of the several doses and preparations of Hsp was applied to the proximal nerve stump, and the wound sutured was closed. Recombinant Hsps were obtained from StressGen (Vancouver, BC, Canada) (human, rhHsp70 and bovine, rbHsc70), and purified bovine skeletal muscle Hsc/ Hsp70 (mHsp), 2:3 ratio, was a gift from Dr B. A. Margulis, Russian Academy of Sciences (St Petersburg, Russia). Four days later, an intramuscular injection of 5 L of saline only or saline plus the same dose and preparation of Hsp was administered to the wound site to prolong the availability of the proteins to the injured axons. Mice were sacrificed 3 days after the second treatment (7 days postaxotomy or at P12). Either MNs from the contralateral motor column or sensory neurons in the contralateral DRG were considered as positive controls, whereas neurons from the ipsilateral side treated with saline or bovine serum albumin (BSA) (Sigma, St Louis, MO, USA) were taken as negative controls. Treatment groups consisted of those that received (1) only 25 g rbHsc70; (2) only rhHsp70 at 5 to 10, 15 to 20, 25 to 30, and 75 g doses; (3) mHsp70 at 15 or 30 g doses; (4) 30 g of a 1:1 ratio of rbHsc and rhHsp70.
Concentration of Hsps and the luciferase refolding assay
Lyophilized proteins received from StressGen (Victoria, BC, Canada) were reconstituted in saline. Proteins supplied as dilute solutions were concentrated by centrifugation at 5000 ϫ g at 4ЊC in tubes containing Microcon YM-30 regenerated cellulose centrifugable filters (Millipore Corp., Bedford, MA, USA) with a molecular weight cutoff of 30 000. This step allowed water to be removed from the protein solution while retaining the protein in a reduced volume above the filter. Hsp functional activity was determined using a luciferase refolding assay, a modification of that of Schumacher et al (1996) . Luciferase (Sigma) at 100 nM was diluted 1:100 in stability buffer (details given below), heat denatured for 15 minutes at 42ЊC, and then chilled on ice for 10 minutes. This solution was diluted again 1:10 in Tris buffer containing 50% rabbit reticulocyte lysate (Sigma), 1.6 g/mL YDJ (also known as Hsp40, a cochaperone of Hsp70, a gift from David Toft, Department of Biochemistry and Molecular Biology, Mayo Graduate School, Rochester, MN, USA), and 300 or 100 g/mL rbHsc70, rhHsp70, or m-Hsp and incubated for up to 2 hours at 25ЊC. A small aliquot (20 L) of this luciferase mixture was added to 100 L of Steady-Glo luciferase assay buffer containing the substrate luciferin (Promega, Madison, WI, USA), in 8ϫ 50-mm luminometer tubes and incubated for 2 hours at 25ЊC. Luciferase activity was measured at different times during the 2-hour incubation period, using a Turner Luminometer model 20e (Turner Designs, Sunnyvale, CA, USA). The activity was expressed as a percentage of control samples, which were handled identically but without denaturation at 42ЊC.
Buffers for the luciferase assay included stability buffer (25 mM Tricine-HCl, pH 7.8, 8 mM MgSO 4 , 0.1 mM ethylenediamine-tetraacetic acid [EDTA] , 10 mg/mL BSA, 10% glycerol, and 0.25% Triton-X 100) and Tris buffer (10 mM Tris-HCl, pH 7.5, 3 mM MgCl 2 , 50 mM KCl, and 2 mM dithiothreitol).
Endogenous expression of Hsps after axotomy
Dissection
Mice were euthanatized by prolonged hypothermic treatment, similar to that described in the Axotomy section, but the treatment was continued until respiration and heartbeat ceased. The following tissues were collected at 6, 12, 24, and 48 hours after axotomy: portions of the ipsilateral SN proximal and distal to the cut, contralateral (intact) SN, ipsilateral and contralateral spinal cord, and 3-5 ipsilateral and contralateral lumbar DRG.
Methacarn fixation and paraffin embedding
Sciatic nerve and whole spinal cords were dissected and fixed overnight with methacarn solution (60% methanol, 30% 1,1,1-trichloroethane, 10% acetic acid (Mitchell et al 1985; Puchtler et al 1970) ). Lumbar spinal cords were further dissected the next day. After dehydration through a graded series of mixtures of alcohol and 1,1,1-trichloroethane, tissues were embedded in paraffin. Sections from all tissues were prepared using a rotary microtome, quickly examined by microscopy for proper orientation, mounted onto ProbeOn Plus slides (Fisher Scientific, Suwanee, GA, USA), and dried on a slide warmer.
Immunohistochemistry
After deparaffinization and rehydration of the tissues, slides were washed in phosphate-buffered saline containing 0.1% Tween and 0.01% thimerosal (PBS-T, pH 7.4), and nonspecific binding was blocked by PBS-T containing 10% normal goat serum (Vector Laboratories Inc., Burlingame, CA, USA). Next, slides were incubated overnight in PBS-T containing primary antibodies against Hsc70 (SPA-815, StressGen, Victoria, BC, Canada) or Hsp70 (SPA-810, StressGen, Victoria, BC, Canada). Mouse ascites fluid (Sigma) or rat IgG (Kirkegaard & Perry Labs [KPL], Gaithersburg, MD, USA) were used as controls for nonspecific binding of IgGs. Slides were then incubated with goat anti-mouse or goat anti-rat biotin-labeled secondary antibodies (KPL) in PBS-T for 1 hour. The presence of the secondary antibody was detected using peroxidase-conjugated streptavidin (KPL) and diaminobenzidene as the substrate (Vector). Slides were coverslipped using Permount. Digital images of the tissue sections were collected using a Sony color video camera attached to an Olympus BH-2 microscope and processed using Scion Image (version 1.62c, Scion Corp., Frederick, MD, USA). This software was also used for quantitatively comparing immunohistochemical staining intensities between the ipsilateral and contralateral lumbar MNs within each animal in the following way. The mean gray values in 3 random areas within the cytosol of large lumbar MNs in nonadjacent sections were measured. Ratios of the ipsilateral to the contralateral mean intensities of 5-22 lumbar MNs were calculated for each animal. These ratios were compared with the value of 1 using a 1-sample 2-tailed t-test, where a value of 1 would represent no difference in staining between the contralateral and ipsilateral MNs.
Western blots
Dissected tissues were homogenized in lysis buffer containing 50 mM Tris HCl, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethyl sulfonyl fluoride, 2.5% sodium dodecyl sulfate (SDS), and 1 g/mL each of leupeptin, aprotinin, and pepstatin and stored at Ϫ20ЊC. The Pierce BCA protein assay kit was used to determine homogenate protein concentrations (Pierce, Rockford, IL, USA). Proteins were resolved on a 12% SDS-polyacrylamide gel by electrophoresis and transferred onto nitrocellulose membranes (BioRad, Hercules, CA, USA). Recombinant human Hsp70 or recombinant bovine Hsc70 run on the same gels served as controls. After blocking the membranes with 5% dry milk in PBS-T overnight at 4ЊC, the membranes were incubated for 1 hour at room temperature with the appropriate primary antibodies (␣Hsp70 at 1:1000 and ␣Hsc70 at 1:4000, StressGen, Victoria, BC, Canada) followed by peroxidase-conjugated secondary antibodies (donkey anti-mouse or anti-rat at 1:5000, Jackson Immuno Research Laboratories Inc., West Grove, PA, USA) and detected with enhanced chemiluminescence (Pierce) by exposure to X-ray film. Images of immunoreactive bands on the film were captured using an Agfa Arcus II color scanner and then analyzed using the Kodak Digital Science 1D Image Analysis software for densitometry (version 2.0, Kodak, Rochester, NY, USA). For blots analyzing DRG tissue homogenates, net intensities from the ipsilateral sample were divided by those of the contralateral sample collected at the same time points and compared with the value 1 in a 1-sample 2-tailed t-test, as described previously. Membranes were stained with India ink (1:1000 in PBS-T) to confirm that the samples were evenly loaded on the gels.
Neuronal survival determination
Whole lumbar spinal cords with attached vertebra and DRG were dissected and fixed in Bouin's solution (750 mL saturated aqueous picric acid, 250 mL concentrated formalin, 50 mL glacial acetic acid) for 2 weeks followed by 70% ethanol for 1-2 weeks and then changed to 70% ethanol 2-3 times during the following week. After paraffin embedding, the tissue was cut into 12-m-thick serial sections, and the sections were stained with hematoxylin and eosin. Either MNs from the contralateral lateral motor column or sensory neurons in the contralateral DRG were considered as positive controls, whereas neurons from the ipsilateral side treated with saline or BSA were taken as negative controls. MN survival was determined by neuronal cell counts in every fifth section in the fourth lumbar segment (L4) of the lateral motor column of the spinal cord. Sensory neuron survival was determined by neuronal cell counts in every fifth section of the L4 DRG. Only neurons with a large nucleus containing at least 1 distinct nucleolus and well-stained cytoplasm were counted, as previously described (Li et al 1994; Houenou et al 1996) . Digital images of these tissue sections were obtained using a spot camera (Diagnostic Instruments) attached to a Zeiss Axioplan microscope. Ipsilateral cell counts were analyzed and converted to a percentage of the matched contralateral cell counts. These data were analyzed by analysis of variance (ANOVA) and Fischer's protected t-test using the least squares difference (LSD) approach.
RESULTS
Endogenous levels of Hsp70 and Hsc70 after axotomy
We assayed the SN, lumbar DRG, and lumbar MNs to determine whether the trauma of axotomy elicited an increase in endogenous levels of Hsp70, as would be expected in a typical stress response. This information helped us to interpret the impact on neuron survival of the administration of various preparations of the 70-kD Hsps. Figure 1 shows a typical example of L4 MNs in the lateral motor columns in a cross section of a P12 spinal cord after axotomy on P5, resulting in apoptosis and loss of the MNs. There is an obvious decrease in the number of MNs on the ispilateral (axotomized) vs the contralateral (intact) side. A similar axotomy-induced loss of sensory neurons in the lumbar DRGs has been documented in this model previously (Houenou et al 1996) . Immunohistochemical staining of the lumbar spinal cord tissue sections from P5 mice was performed to detect Hsp70 and Hsc70. The Hsp70 and Hsc70 immunoreactivities (IRs) in the MNs subjected to axotomy (the half of the spinal cord ipsilateral to the axotomized nerve) were compared with those on the uninjured side (contralateral to the axotomized nerve) at 12 hours after axotomy, and no obvious changes in either protein were noted (Fig 2) . To confirm that the protein levels were unaffected, the IR at 12 and 24 hours after axotomy was quantified by measuring the mean gray levels of IR of individual MNs in digitized images of the ipsilateral and contralateral sides of the spinal cords in each animal. The results from all the animals averaged for each group are summarized in Figure 3 . Ratios of ipsilateral to contralateral IR were not significantly different from 1, which reflected no changes as a result of axotomy.
The endogenous expression of Hsc70 and Hsp70 in the dorsal root ganglion and SN after axotomy in neonatal mice was also examined by Western blotting. Tissues were collected from DRG and SNs at 6, 12, 24, and 48 hours after axotomy. Both Hsc70 and Hsp70 were detectable in the DRG, whereas only Hsc70 was detectable in the SNs (not shown). At none of the postaxotomy intervals were any significant changes in these proteins detected in the DRG (Fig 4) or SNs (not shown). However, the Hsp70 data in Figure 4A must be viewed cautiously because Hsp70 was undetectable in about half the 12 pairs of matched control and axotomized DRG samples (5 control and 6 axotomized DRG samples). This absence of detectable Hsp70 occurred despite the fact that twice as much total tissue protein was loaded on the gels processed for Hsp70 Western blotting as on those processed for Hsc70 (50 vs 25 g, respectively). It also accounts for the large error bars in Figure 4A . Hsc70, in contrast, was more abundant in those tissue samples, being undetectable in only 1 control and 2 axotomized samples.
Luciferase assay of Hsp refolding activity
Proteins used in vivo were either recombinant or purified from bovine skeletal muscle. Some of the proteins from No changes were observed in minimally detectable amounts of Hsp70 (A). Hsc70 was readily detectable but also showed no changes (B). In some cases, especially for the Hsp70 blots, tissues from 2 animals were pooled in the attempt to detect the low levels of this protein. The ratios were compared statistically with the value 1, where 1 represents no change, greater than 1 represents an increase, and less than 1 represents a decrease. The numbers in the bars are the number of animals in each group, and the bar for Hsc70 24 hours is the average of 2 animals represented by the dots. No significant changes were observed in immunostaining as a result of axotomy.
Fig 5.
Refolding activity of heat shock proteins. Activity is expressed as a percentage of renaturation after heating at 42ЊC compared with unheated control samples. The different proteins, rb-HSC70, rhHSP70, and mHSP70, were analyzed using 300 g/mL of each and sampled at the times indicated. The mHSP70 corresponds to the protein purified from skeletal muscle containing both Hsp70 and Hsc70. Rabbit reticulocyte lysate, RL, was used as a positive control for the luciferase assay system. . The ipsilateral MN cell counts were expressed as a percentage of their matching contralateral cell counts. These data were analyzed by analysis of variance (P ϭ 0.0001) and Fischer's protected t-test using the least squares difference approach. Axotomy in the saline-treated control group caused a significant loss of MNs compared with the number in the ventral horn of the lumbar segments of the uninjured group (P Ͻ 0.01, not indicated for the sake of clarity). Treatment of axotomized mice with 30 g bovine serum albumin had no effect on this loss of neurons. In contrast, the death of MNs was significantly inhibited after postaxotomy treatment with the 2 lower-dose ranges of rhHsp (5-10 g or 15-20 g of rhHsp70, *P Ͻ 0.05) or with either 15 or 30 g of mHsp (*P Ͻ 0.05, **P Ͻ 0.01, respectively), resulting in greater numbers of MNs in those groups compared with the saline-treated group. Lastly, rbHsc alone or mixed 1:1 with rhHsp had no significant effect on MN survival.
the manufacturer were provided at too low a concentration to be used as supplied for the in vivo experiments. Those proteins were concentrated, and the luciferase assay was used to confirm that the Hsps retained refolding activity. We tested 100 L of Hsp solutions at concentrations of 100 and 300 g/mL of rbHsc70, rhHsc70, and m-Hsp70 at incubation periods of 30-120 minutes after luciferase denaturation. Only the results from the higher concentrations of each Hsp preparation tested are shown (Fig 5) . All 3 protein preparations were able to renature the heat-denatured luciferase.
Exogenous application of Hsps and neuronal survival
It was previously observed that treatment of the severed SN with 5-25 g of a preparation of bovine brain Hsc70 caused a trend toward increased MN survival but did not achieve statistical significance (Houenou et al 1996) . This effect prompted us to consider that preparations of Hsps with different proportions of Hsc70 and Hsp70 might have greater survival-promoting activity on MNs. A variety of Hsc70 and Hsp70 preparations and combinations were used to address this question, and Figure 6 illustrates the results. Without Hsp or with the control protein, BSA, 35-42% of the lumbar MNs degenerated 1 week after axotomy. The lower doses of rhHsp70, those between 5 and 20 g, significantly improved MN survival, so that only an average of 26% of the MNs degenerated (P Ͻ 0.05). Surprisingly, the higher doses of rhHsp70 had no significant effect on survival. However, the mixture of Hsc70 and Hsp70 purified from bovine skeletal muscle (mHsp) also promoted survival, such that only 23% (P Ͻ 0.05) and 16% (P Ͻ 0.01) of the MNs degenerated after treatment with the 15-and 30-g doses, respectively. The positive effect of the mHsp preparation made us wonder whether the mixture of the 2 isoforms had greater benefit than either protein alone. We attempted to mimic the composition of the mHsp preparation by mixing the rhHsp70 and rbHsc70 at a 1:1 ratio. That artificially created mixture had no effect on survival of the injured MNs at 30 g Fig 6, rbHsp-rhHsp. Similarly, 25 g of rbHsp70 alone provided no MN survival-promoting effect (Fig 6) . Sensory neuron survival was also examined after axotomy because it has been shown to be significantly improved by treatment using 5 g or more of a preparation of bovine brain Hsc70 that consisted of about 95% Hsc70 (Houenou et al 1996) . Although the loss of DRG neurons after axotomy in the group that received saline or BSA was about half that of MNs, being 19.7% rather than 38.5%, certain doses of some of the Hsp preparations did significantly improve survival. Intriguingly, the effective treatments were different from those seen for the MNs (Fig 7) . The 3 higher doses of rhHsp70 all significantly increased survival, reducing the loss of DRG neurons to between 2.8% and 7.6% (P Ͻ 0.05). Additionally, the 25-g dose of rbHsc70 and the rbHsc-rhHsp70 mixture also Lumbar-4 sensory neuron survival with Hsp70 or Hsc70 treatment (or both). These data were analyzed in the same manner as that for the motor neurons in Figure 6 . The overall analysis of variance was significant (P ϭ 0.0002), and comparison of the mean number of sensory neurons in the L4-DRG of the saline-treated group with that of the contralateral, uninjured group showed that there was a significant loss of sensory neurons caused by axotomy (P Ͻ 0.01, not indicated for the sake of clarity). This axotomy-induced neuronal death was inhibited after treatment with only the higher doses of rhHsp (25-30 g), with the 25-g dose of rbHsc, or the 1:1 mix of rhHsp-rbHsp (*P Ͻ 0.05 compared with the salinetreated group).
significantly improved survival, with these groups showing an average loss of only 5.1% and 5.4% of the DRG neurons, respectively, after axotomy (P Ͻ 0.05). Unexpectedly, both doses of mHsp70 fell just short of significantly improving survival, with losses of 9.4 and 8.1% of DRG neurons for the 15-and 30-g treatments, respectively.
DISCUSSION
Endogenous expression of Hsc70 and Hsp70 after injury
Although Hsc70 and Hsp70 were present in MNs and DRG neurons of neonatal mice, no changes were detected within the 48-hour period of analysis (Figs 2-4) . Furthermore, in the SN, only Hsc70 was detected irrespective of whether it was severed (data not shown). The fact that Hsp70 was undetectable in many of these samples means that we cannot discount the possibility of axotomy-related changes that were below the sensitivity of detection in our Western blots. Nonetheless, the suggestion that these neurons in the developing mouse do not mount the expected Hsp70 response to physical trauma is supported by our observations of cultured MNs from the chick embryo, in which there was no increase in Hsp70 after hyperthermic stress or during apoptosis induced by withdrawal of the trophic factor (in preparation). Furthermore, 2 groups recently reported similar observations for MNs in neonatal rats and in culture from embryonic mice, showing an impairment of the ability of these neurons to accumulate Hsp70 after nerve injury in vivo or to activate heat shock factor 1 in vitro after hyperthermic or excitotoxic stress, or expression of mutant SOD-1 (Kalmar et al 2002a; Batulan et al 2003) . However, the Hsp70 response system of MNs is not completely unresponsive. Using BRX-220, an analog of the hydroxylamine derivative bimoclomol, reported to amplify Hsp synthesis in other systems (Vigh et al 1997) , Kalmar et al (2002b) demonstrated increased accumulation of Hsp70 in axotomized MNs of the neonatal rat, along with greater survival. That group also found that MNs showed a marked increase of another member of the Hsp family, Hsp27 (Kalmar et al 2002a) .
Interpretation of changes in endogenous expression of Hsps in injured nervous tissue must be done with caution because induction may be dependent on the duration and type of injury. Additionally, the glial response may also be a source of increased amounts of the Hsps and may confer a protective effect on adjacent neurons (Tytell et al 1986; Sheller et al 1998; Guzhova et al 2001; unpublished observations) .
Exogenous Hsc70 or Hsp70 (or both) promote neuron survival
Our results confirm and extend earlier work that showed that exogenous bovine brain-derived Hsc70 prevented apoptosis of sensory neurons after axotomy (Houenou et al 1996) . In contrast to that report, we used 3 different preparations of the 70-kD Hsps and found that they had different effects on MN and sensory neuron survival after SN axotomy. In the case of MNs, recombinant bovine Hsc70 by itself had no survival-promoting activity, which was similar to the observation of Houenou et al (1996) using purified bovine brain Hsc70. However, recombinant human Hsp70 did increase MN survival at the smaller 2 of the 4 amounts administered (5-20 g). Why the higher doses were ineffective remains to be determined, but the apparent negative effects of higher concentrations of exogenous Hsc70 have been observed previously in cultured smooth muscle cells treated with bovine brain-derived Hsc70 (Johnson et al 1995) . It is possible that these differential effects of exogenous Hsp70 are a result of its ability to interact with membranes and alter their permeability characteristics in unexpected ways. This effect was first demonstrated by Alder et al (1990) , who showed that human Hsp70 could interact with artificial lipid bilayers to form ion-conducting channels. Since then, several reports of membrane-based activity of different extracellular Hsc/Hsp70 preparations have been reported. These include increased Ca 2ϩ efflux from Aplysia neurons (Smith et al 1995) , activation of K ϩ channels in cultured U937 human promonocytes (Negulyaev et al 1996) , and formation of cation-conducting channels in liposomes (Arispe and De Maio 2000) . Furthermore, Arispe et al (2002) showed that Hsc70 and Hsp70 promote fusion of liposomes in distinct ways. Thus, the ability of the 2 Hsps to interact differently with membranes may be part of the reason for the different antiapoptotic effects seen here.
We also found that a mixture of Hsc70 and Hsp70 (approximately 2:3), derived from bovine skeletal muscle, had survival-promoting activity. However, when we attempted to duplicate the effect of the skeletal musclederived Hsc/Hsp70 mixture by combining the recombinant bovine Hsc70 with recombinant human Hsp70 in a 1:1 ratio, MN survival after axotomy was not affected. This discrepancy is unlikely to be the result of trace amounts of cochaperones like Hip, Hop, and Hsp40 (Frydman and Hohfeld 1997; Muchowski et al 2000) contained in the Hsc/Hsp70 from skeletal muscle because the final step in the purification process involves binding of the Hsc/Hsp70 to adenosine triphosphate (ATP) conjugated to agarose by way of a C8 linkage. The ATPbound form of Hsc/Hsp70 does not associate with other binding proteins, and no traces of Hip, Hop, or Hsp40 have been detected in the preparation (B. Margulis, personal communication). It is possible that there may be differences in biological activity of the muscle-derived material compared with that produced from recombinant Escherichia coli. In this sense the muscle-derived Hsc/ Hsp70 may match more closely the mixture of Hsps that occurs naturally in injured cells.
The survival of sensory neurons after axotomy was also significantly increased by treatment with the different forms of the 70-kD Hsps but in a manner distinct from that observed with MNs. Both recombinant Hsp70 and Hsc70 promoted sensory neuron survival when applied separately but not when applied as a mixture in the form of the skeletal muscle-derived preparation. This is in contrast to the positive effect of that mixture on MNs. A further distinction between the 2 classes of neurons was observed in the survival-promoting effects of rhHsp70. In contrast to MNs, sensory neuron survival was better with the higher doses of rhHsp70. These contrasting effects of the 2 forms of the 70-kD Hsps on sensory neurons and MNs suggests that each form interacts with and contributes uniquely to neuron survival. Furthermore, the results imply that different types of neurons may have distinct requirements for the differing functions of Hsc70 and Hsp70.
Another consideration in understanding the differential effects of the 70-kD Hsps on sensory neurons and MNs is the possibility that Hsp-specific receptors may be involved. Recent work has documented that such receptors exist on antigen-presenting cells like monocytes and macrophages (Asea et al 2000 (Asea et al , 2002 Binder et al 2000) . To our knowledge the Toll-like receptors identified as the Hsp70-binding entities in monocytes or macrophages (Asea et al 2002) are not expressed on neurons. However, it is intriguing that the quantities of Hsps we found to inhibit cell death here and in other reports (Johnson et al 1995; Houenou et al 1996; Guzhova et al 2001; Yu et al 2001) and those shown to bind specifically to the antigenpresenting cells and elicit cytokine responses seem to fall within a range of 0.1-100 g/mL (about 0.001-1.0 M), which is not as divergent as one would expect given the differences in the systems and end points used to evaluate these effects. Thus, it will be important for future studies to specifically address the possibility of the presence of Hsp receptors on neuronal cells.
Further work in this area also must assess the contributions of cochaperones and of other major Hsps like Hsp27 and Hsp90. For example, endogenously produced Hsp27 has recently been shown to be required for both sensory neuron and MN survival after axotomy in the neonatal rat (Benn et al 2002) .
The responses to injury are critical in the nervous system because it is a tissue composed of postmitotic cells with limited self-renewal and repair mechanisms. Thus, understanding the biology of normal responses to injury will help in the development of more effective approaches to preserve damaged neurons, as well as glia, thereby reducing the loss of function after injury. The results presented here support the hypothesis that immediate application of exogenous Hsc70 or Hsp70, or both, may be physiologically similar to induced synthesis of endogenous Hsp70 and can increase survival of damaged neurons. Thus, it is likely that Hsc70 and Hsp70 have important therapeutic potential in the prevention of neurodegeneration as a result of trauma or disease.
